The tubular network of the tracheal system in the Drosophila embryo is created from a set of epithelial placodes by cell migration, rearrangements, fusions and shape changes. A designated number of cells is initially allocated to each branch of the system. We show here that the final cell number in the dorsal branches is not only determined by early patterning events and subsequent cell rearrangements but also by elimination of cells from the developing branch. Extruded cells die and are engulfed by macrophages. Our results suggest that the pattern of cell extrusion and death is not hard-wired, but is determined by environmental cues.
Introduction
Programmed cell death is used as a mechanism during development for the removal of damaged or otherwise undesired cells. It contributes to proper organ development and is necessary for the removal of structures that are no longer needed. In Drosophila it plays a role in head formation (Nassif et al., 1998; Lohmann et al., 2002) , the determination of the number of neurones (Abrams et al., 1993; Buss and Oppenheim, 2004; Rogulja-Ortmann et al., 2007) , and during metamorphosis, when large numbers of cells in the larva are removed in preparation for the establishment of adult tissues (reviewed in Rusconi et al., 2000) . Although apoptosis affects a wide range of developmental events, some tissues are thought not to employ apoptotic processes. One case in Drosophila is the formation of the respiratory network, the tracheal system, which arises from a set of placodes on each side of the embryo that invaginate and then undergo migratory, branching and fusion events to form the complex tubular network that delivers oxygen to all organs (for review see Ghabrial et al., 2003; Uv et al., 2003; Affolter and Caussinus, 2008) . The cell number is fixed at the beginning of morphogenesis, and once the placodes have been determined, no further cell divisions occur, nor is apoptosis thought to occur in the tracheal system (Samakovlis et al., 1996) . The stereotyped morphogenetic programme that turns the placodes into an interconnected set of branched tubes follows a set of genetically determined steps. For example, each of the 18 dorsal branches arises from a group of six cells associated with the dorsal trunk. Cell intercalation and migration towards a dorsally located chemotactic signal turns this group of cells into a single cord of five cells forming the dorsal branch (Ribeiro et al., 2004) . The sixth cell usually does not participate in branch formation and is thought to be re-incorporated into the dorsal trunk. We now find that cell death does occur during tracheal development, perhaps as a result 
2.
Results and discussion 2.1.
Detachment of single cells from the developing tracheal system
In live studies of the tracheal system using embryos expressing GFP under the control of the breathless (btl) promoter we observed GFP-expressing motile cells that were not attached to the tracheal system. The btl gene, which encodes an FGF receptor homolog, is mainly expressed in the tracheal system, but also in glial cells and a few other cell type (Klä mbt et al., 1992) . However, it had not previously been described as being expressed in individual cells that were dispersed in the embryo. Since it was not clear what the individual cells outside the tracheal system were, we used other tracheal markers to determine whether they indeed derived from the tracheal system, or rather represented an as yet undiscovered cell type in which the btl promoter is active. When we marked the tracheal system with lacZ expressed under the control of the promoter of another tracheal gene, trachealess (trh-lacZ), we observed that lacZ was also expressed not only in the tubular tracheal epithelia but also in single cells detached from the tracheal system (Fig. 1) .
In the live observations using GFP we noticed that these cells appeared to be moving around in the embryo, preferentially along the dorsal trunk of the trachea. Previously hemocytes had been described to move along the tracheal system (Hartenstein et al., 1994 ). Thus we wondered whether these cells might be a subpopulation of hemocytes that shared expression of some genes with the tracheal system. To assess their cell type, we analysed the cells in embryos in which we simultaneously visualized markers for the tracheal system and for hemocytes. Hemocytes were visualized by using a croquemort-GAL4 transgene (unpublished line from N. Perrimon) to control the expression of GFP. Croquemort is expressed in a subpopulation of hemocytes, the macrophages (Franc et al., 1996) . For the tracheal system we again used trh-lacZ.
We found that the individual lacZ-expressing cells that are detached from the tracheal system also expressed the crqcontrolled GFP. In addition, there were also many cells that showed only crq-GFP staining and no lacZ (Fig. 2) . There are two possible explanations for these findings. Either a subset of macrophages can activate transcription of the btl and trh promoters, or the doubly-stained objects are not single cells. Consistent with the latter explanation, we noticed that the two fluorescent markers were often localized in non-overlapping parts of the cells (Fig. 2F and I ), suggesting that lacZexpressing cells or cell fragments might have been engulfed by macrophages. If this were the case, then the doublystained objects should contain two nuclei. Indeed, in triple stainings with the nuclear marker TOTO-3 we observed two TOTO-3 signals in the majority of the doubly-stained objects, indicating the presence of two nuclei (data not shown). We conclude therefore that the objects are hemocytes that have engulfed tracheal cells that have left the tracheal epithelium.
To test directly whether these single cells originate from the developing tracheal tree we performed more detailed live observations. In our previous experiments we noticed that the disconnected cells can be preferentially found near the branches that undergo cellular rearrangements, for example, at the bases of dorsal branches ( Fig. 1C and D) . Thus we chose the areas around these sites for further studies. Live imaging of dorsal branches of the embryos expressing a-cat-GFP or sqh-GFP revealed that during the outgrowth of the dorsal branches individual tracheal cells detach from the tracheal system at, or near the site where the dorsal branches emerge from the dorsal trunk (Suppl. movie S1 and S2, Fig. 3A -H). We compared the numbers of cells leaving the system from the base of branches and from the interbranch-regions of the dorsal trunk in 12 videos of wildtype embryos. We defined the 'base of the branch' as those cells that bordered at least on one side on a cell that was part of the dorsal branch. We evaluated 42 branches and found cells leaving from the base in 20 cases, whereas in 40 interbranch-regions we found only seven cells leaving the system. Thus, cells are almost threefold less likely to be extruded in the large interbranch area than from the small area at the base of the branch.
Apoptosis in detaching cells
Since the detached cells appeared to be engulfed by macrophages and one function of macrophages is to clear up apoptotic cells (Franc et al., 1996) , we tested whether the trh-lacZ positive cells seen inside the hemocytes displayed markers for apoptosis. We found that some but not all of the trh-lacZ cells that were detached from the tracheal system gave a positive signal in a TUNEL reaction (Fig. 4A-C) . Since the TUNEL assay only detects cells in a brief phase of apoptosis it was not surprising that only a subset of the detached cells were labelled. Thus this result is consistent with the notion that the engulfed cells are dying or dead cells. A further hallmark of apoptosis is the activation of caspase 3, which can be detected with an antibody that specifically recognizes the activated form (Fraser et al., 1997) . Trh-lacZexpressing cells that were detached from the tracheal system also gave a positive signal when stained with antibodies against activated caspase3 (Fig. 4D-F) .
Next, we wanted to know whether the detached cells undergo apoptosis because they have lost contact with the tracheal epithelium, or, conversely, whether they die within the epithelium and are subsequently extruded. We addressed this question by two approaches: tracing caspase activity in vivo and blocking apoptosis. To examine when the apoptotic program is induced in tracheal cells leaving the system we used an in vivo fluorescent sensor of caspase activity, the 'Apoliner' transgene (Bardet et al., 2008) . The Apoliner consists of two fluorophores, a membrane-anchored RFP and a GFP with nuclear localisation signal (NLS), which are linked by a caspase sensitive fragment of the DIAP1 protein. Upon caspase activation within the cell, the sensor is cleaved, resulting in translocation of GFP into the nucleus, whereas RFP stays at the membrane. We expressed the Apoliner using btl-GAL4 and followed the development of dorsal branches in vivo. As depicted in Fig. 3I -N, nuclear GFP can be observed in individual cells in the tracheal system. Shortly after they begin to accumulate nuclear GFP these cells detach from the system (see Suppl. movie S3). Thus apoptosis precedes cell removal from the tissue.
If death is a prerequisite for expulsion, then suppressing apoptosis should reduce the number of detached cells. To test this, we examined the tracheal system in embryos homozygous for a deficiency Df(3L)H99, which removes the three pro-apoptotic genes, grim, reaper and hid, and in which apoptosis therefore cannot occur. Since homozygous Df(3L)H99 embryos show strong overall developmental defects, we restricted our analysis to the dorsal branches in segments that do not show gross morphological abnormalities, i.e. segments 3-7. Whereas wild type stage 14/15 embryos show approximately 2-4 detached cells in segments 3-7 on each side, we did not observe any detached cells in embryos that were homozygous for Df(3L)H99 (Fig. 5A-D) . To exclude the possibility that this was due to a non-autonomous effect of the mutant phenotype of surrounding tissues in Df(3L)H99 mutant embryos we used an alternative way of blocking apoptosis only in the tracheal system. We expressed the baculoviral inhibitor of apoptosis, p35 (Hay et al., 1994) in tracheal cells using the btl-GAL4 driver line. To confirm that we blocked apoptosis efficiently, we co-expressed the Apoliner together with p35. In these embryos we did not detect any Apoliner signal, indicating the absence of caspase activity, and no cells were seen to leave the tracheal system ( 
Apoptosis and the number of cells in dorsal branches
The fact that the detached cells were frequently found near the base of the dorsal branches of the tracheal system ( Fig. 1C and D) raises the question whether their leaving the epithelium might be associated with a specific developmental programme, such as the morphogenesis of the dorsal branches. Since each dorsal branch arises from six cells, but the final branch typically consists of only five cells (with some variation; see Fig. 6C ), it has been suggested that the sixth cell migrates back to the dorsal trunk. Our results point to an alternative possibility suggesting that apoptosis might be a mechanism that contributes to the determination of cell number in the dorsal branches. If the assumption that cell death is involved in determining the number of cells is correct, then dorsal branches should contain more cells if apoptosis cannot occur. To test this we counted cell numbers in the dorsal branches of Df(3L)H99 mutant embryos and in embryos expressing p35 in the tracheal system. We stained the embryos with an antibody against Trachealess to mark specifically the nuclei of tracheal cells. The nuclei in dorsal branches were then counted under the microscope by focusing through the entire depth of the dorsal branch ( Fig. 6A and  B) . Branches with an unclear course were not included in the analysis (Fig 6 B) .
All tested genotypes showed variability in cell number in the dorsal branches, but there were clear differences between the mutant and the wild type embryos (Fig. 6C) . 76.3% of the 93 dorsal branches evaluated in 10 wild type embryos consisted of 5 cells, 8.6% consisted of six cells and 15.1% consisted of 3 or 4 cells. This shows that branches with six cells are possible, but 5 cells are preferred. By contrast, embryos with blocked apoptosis had 51.6% (btl-Gal4, UAS-p35 embryos, n = 93 dorsal branches in 10 embryos) or 56.6% (Df(3L)H99 mutant embryos; n = 99 dorsal branches in 10 embryos) dorsal branches with six cells. These results indicate that removal of the cells by apoptosis indeed contributes to the determination of the final cell number in the dorsal branches.
It is unclear how the emigrating cell is determined, and why it is not determined in every one of the branches. The fact that this is so shows that, in contrast to many other situations in which apoptosis eliminates unwanted cells during development, cell death in this case is not the result of a hardwired developmental programme. Instead it is more likely to be a response to unfavourable conditions in the cell's environment. Changes in the microenvironment have been shown to induce cell death in mammalian endothelial cells, with signals from the extracellular matrix influencing the balance between cell survival and apoptosis (Cheresh and Stupack, 2008) . Adhesion via integrins can protect cells from FAS mediated apoptosis (Aoudjit and Vuori, 2001) , and integrins may act as mechano-transducers in this context (reviewed in Katsumi et al., 2004) . Thus it is possible that weakening of cell-cell junctions resulting from tissue remodelling in the tracheal system could trigger the apoptotic pathway. Junction rearrangement also affects cell death in the wing disc (Farhadifar et al., 2007) , where an imbalance in the junctional forces within the epithelium was found to be rebalanced by the elimination of cells. In this system, the initial irregularity arose through cell proliferation, but it is imaginable that in the tracheal system cell intercalation might affect local junctional forces, and cell extrusion can be triggered to obtain a geometrically optimal structure.
The fact that only half of the dorsal branches in the mutant embryos had six cells shows that apoptosis cannot be the only mechanism for the removal of supernumerary cells. There must be other ways of losing cells, perhaps by re-integration into the dorsal trunk, as previously suggested. We did indeed observe such cases (Suppl. movie S5). More stringently, even embryos in which a larger number of branches have six cells, namely btl-Gal4, UAS-p35 embryos, can develop normally and hatch. It is of course possible that subtle defects, for example a reduced efficiency in oxygen delivery, would not manifest themselves in easily measurable phenotypes in a laboratory setting.
In summary, our results are consistent with a scenario in which cells that find themselves in a sub-optimal epithelial context either move away, or die and leave the epithelium. If the apoptotic pathway is blocked, they may be forced to use the option of moving elsewhere, or induce neighbouring cells to rearrange further, or they remain in place, and the system is able to tolerate a sub-optimal structure.
3.
Experimental procedures 3.1.
Fly strains
The following lines were used in this study: w À ;btl-Gal4. yw;; btl-Gal4(3-1)/TM3 (Shiga et al., 1996) . w À ; UAS-tau-mGFP6 (Kaltschmidt et al., 2000) . w À ; crq-Gal4, UAS-eGFP (gift from H.Agaisse). P{ET-L}trh-1-eve-1 (Perrimon et al., 1991) . Df(3L)H99, kni riÀ1 p p /TM3, Sb 1 (Bloomington) (Abbott and Lengyel, 1991) . w * ; P{UAS-p35.H}BH1 (Bloomington). w * ;;P{UAS-p35.H}BH2 (Bloomington). UAS-Apoliner 5 (Bardet et al., 2008 
Live imaging
Embryos expressing combinations of GFP and RFP were used. Targeted gene expression was achieved with the Gal4, UAS system. The btl-Gal4 driver was used to label tracheal cells.
The embryos were collected over-night, dechorionated in 4% bleach, and mounted in 400-5 mineral oil (Sigma Diagnostic, St. Louis, MO) between a glass coverslip and a gas-permeable plastic foil (bioFOLIE 25, In Vitro System and Services, Gö ttingen, Germany). They were imaged on a Leica TCS SP5 scanning confocal microscope. Z stacks were collected with optical sections at 1 lm intervals. Image processing was made with ImageJ (W. Rasband; http://rsb.info.nih.gov/ij/) and house-made ImageJ plugins. In brief, Z stacks were projected to obtain flat images. The sample motions were corrected in X and Y dimensions by manual reference point tracking.
Immunostaining
Embryos from over-night collections were fixed and stained according to standard protocols. The following antibodies were used: primary: rabbit anti-trh (Araujo et al., 2005) , mouse anti caspase3 (Cell Signalling Technology), rabbit anti-b-Gal, mouse anti-b-Gal (Cappel), rabbit anti-GFP (Torry Pines Biolabs, Inc); secondary: goat anti-rabbit Texas Red, goat anti-rabbit Cy3, goat anti-rabbit biotin, goat anti-mouse biotin (Jackson ImmunoResearch Laboratories, Inc), goat anti-rabbit Alexa 488 (Molecular Probes). TUNEL staining was performed according to the supplier's protocol (Roche).
Images were taken under a Zeiss Axiovert 10 Stereomicroscope with an AxioCam MRc5 and AxioVision software, or with a Leica TCS SP2 scanning confocal microscope and processed with ImageJ (W. Rasband; http://rsb.info.nih.gov/ij/).
Cell counting in dorsal branches
Embryos at stage 15-16 stained for trh were selected and the nuclei of dorsal branches in segments 3-7 were counted under the microscope (Axiovert 10 Stereomicroscope, Zeiss) by focusing through the entire depth of each dorsal branch. M.A. M.M.B. was supported by a fellowship from the NRW Graduate School for Genetics and Functional Genomics, E.C. by a FEBS fellowship, an EMBO long-term postdoctoral fellowship, and by a network of excellence grant ''Cells into organs'' from FP6 of the European community.
